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Abstract— This work aims to estimate the apparent 
Young’s modulus of real human trabecular bones using a 
numerical micro-macro approach. Cylindrical specimens of 
trabecular bone were extracted from human femur heads, 
cleaned and scanned using a SkyScan-1072 micro-computed 
tomography system. 3D volumetric tetrahedral grids were 
generated from the exploitation of the reconstructed images 
using original meshing techniques. Numerical compressive 
tests were simulated, assuming isotropic tissue Young’s mod-
ulus for all elements. The large size of the volumes implies 
grids with a high number of nodes, which required the use of a 
large number of parallel processors in order to perform the 
finite element calculations. Numerical Young’s moduli varied 
between 1300 MPa and 1600 MPa, with a good agreement with 
experiments. 
Keywords— trabecular bone, Young’s modulus, microCT, 
parallel computing, osteoporosis. 
I. INTRODUCTION  
The investigation of the mechanical properties of trabe-
cular bone presents a major challenge and could be of great 
importance to diagnose the bone fracture risk for osteoporo-
sis patients so that preventive measures can be taken in 
time. Current methods based on bone mineral density mea-
surements or CT techniques are not always predictive of 
fracture risk or therapy response and might lead to over-
diagnosis [1]. Since most osteoporotic bone fractures are 
initiated in the trabecular bone, several studies have shown 
that bone strength, an indicator for bone fracture risk, can be 
better represented by taking into account its complex micro-
structure.  
     A promising alternative technique that takes bone micro-
architecture into account is microstructural finite element 
(microFE) analysis. High-resolution images (~10-50-µm 
resolution) obtained from
 
micro-CT scanning of cancellous 
bone samples can be digitized
 
and converted to micro-finite 
element models (FEM) on which
 
compression tests are 
simulated numerically [2]. A common method to create the 
finite element meshing from CT images is the voxel-
element technique. This method uses the natural discretisa-
tion of the image by voxels. Then, each voxel belonging to 
the solid region constitutes an four-node cubic element of 
the mesh. A very large number of finite elements are thus 
needed to accurately represent a human bone with its intri-
cate microarchitecture. Hence, the resulting microFE mod-
els possess a very large number of degrees of freedom and 
require the use of supercomputing [3, 4]. However, this 
method is often unable to capture surface boundaries satis-
factorily (it generates jagged boundaries) which can lead to 
inaccurate finite element analysis results. 
An alternative approach is to create a tetrahedral mesh 
based on a triangular surface model of the tomographic data 
[5, 6]. Triangulated surfaces represent the boundaries be-
tween the different phases creating a more representative 
representation of the trabecular bone surface. Even if this 
method reduces the number of degrees of freedom, parallel 
computing can be required for large samples and to our 
knowledge a little has been done on large scale computa-
tions using this second approach in the field of biomechan-
ics. 
In this work, a 3D complete numerical model of a human 
femoral head trabecular bone (cylinder of dimensions 12 
mm height and 8 mm diameter) was built by combining 
microCT with finite element modeling using the second 
method. Sophisticated parallel computing was used to per-
form the calculations. The objective was to assess the ability 
of this model to correctly predict the Young’s modulus of 
the trabecular bone. The predicted Young’s modulus from 
compression tests was compared to experimentally deter-
mined Young’s modulus value.   
II. MATERIAL AND METHODS 
Cylindrical specimens of trabecular bone, of dimensions 
12mm height and 8mm diameter, were extracted from fresh-
ly harvested healthy human femur heads at Hôspital of 
Orléans (IPROS, Institut de Prévention et de Recherche sur 
l’Ostéoporose) in France. Each of the specimens had soft 
tissues removed. One of them was selected for this study 
and was scanned using a SkyScan-1072 micro-computed 
tomography system with a 17.6 microns nominal resolution. 
The sample was positioned in the scanner such that its lon-
gitudinal axis coincided with the longitudinal axis of the 
scanner. Segmentation of the 3D image was done using the 
Amira Software [7]. The method consisted in choosing a 
threshold, using an histogram of grey levels as a guide. In 
our case, the choice of the threshold was imposed naturally. 
Then, the program sets to white all voxels that are located 
beyond the threshold (bone), and all other voxels of the 
image to black (voids). The bone volume fraction of the 
investigated cylinder (12 mm height, 8 mm diameter) was 
estimated to 20%. Fig. 1 illustrates a 3D representation of a 
small volume of the bone, extracted from the stack of the 
segmented images.  
    After scanning, compressive test was performed at Insti-
tut Prisme of Orléans using an Instron 4411 device 
equipped with a 5 kN load cell, according to the longitudin-
al direction of the cylinder. Bone cylinder faces were stuck 
together with resin endcaps. A clip-on extensometer was 
mounted on the endcaps, as illustrated in figure 2, for which 
a specific fixture was designed at IPROS for the gripping. A 
prescribed compressive displacement was applied to the 
sample at a speed of 0.25 mm/min, at low strains where the 
material exhibited linear elastic behavior. 
 
 
 
 
 
 
 
         
        
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Three dimensional meshing of a small volume  
of the trabecular bone, extracted from the cylinder.                                     
Dimensions of the volume are  2.2 mm * 2.2 mm * 8.4 mm 
 
III. COMPUTATIONAL TOOLS 
A. Finite element meshing 
    Building FE models from 3D voxels requires that the 
mesh correctly respects the geometry of the phases inside 
the material. The boundary between the two phases, called 
the isosurface, has to be well captured before the creation of 
volumetric grids. In this work, the creation of a surface 
model with correct topology and optimized triangular shape 
from the segmented tomographic data is carried out auto-
matically with the help of the marching cubes algorithm [8], 
using the Amira software. In the last step, an unstructured 
tetrahedral mesh is built from the basis of the surface trian-
gulation. Here, meshing has been performed using the ad-
vancing front method implemented in the Amira software. 
For the sake of clarity, such 3D grid of the trabecular bone 
(linear tetrahedral elements) is illustrated in Fig. 1 on a 
small volume, extracted from the stack of the segmented 
images. The complete model is depicted in figure 3. 
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Fig. 2 Experimental device used for compressive tests 
B. Elastic properties of the bone 
    Generally, the mean values of the tissue stiffness are 
around 15-20 GPa for both cortical and trabecular bone 
tissue [9, 10, 11]. In this work, the tissue element properties 
were chosen linear elastic and isotropic with a Young’s 
modulus of 17 GPa and Poisson’s ratio of 0.3 [12]. Alterna-
tively, our model could be used to curvefit the value of the 
tissue stifness such that the numerical apparent Young’s 
modulus value fits the experimental one [13]. 
  
C. Parallel computing 
    The large size of the volumes implies grids with a high 
number of nodes, which requires the use of a large number 
of parallel processors in order to perform the finite element 
calculations. The parallel version of the finite element code 
ZeBulon is presented in [14, 15]. The problem is solved 
with the FETI method (Finite Element Tearing and Inter-
connecting method) [16, 17]. The parallelization scheme is 
based on a domain decomposition algorithm. The finite 
element mesh is thus decomposed into several domains.  
Fig. 3 illustrates the 3D meshing corresponding to the larg-
est computation (complete model containing 1100000 
nodes). Each sub-problem is solved independently within a 
subdomain of the mesh. An additional interface problem is 
solved. It ensures the compatibility of the displacement 
between the subdomains. The data exchange between the 
different tasks uses a PVM communication protocol. In our 
case, 10 bi-processors (AMD Opteron 248, cadenced at 2.2 
Ghz, 8 Go RAM ) have been used for a time of calculation 
less than 20 min.  
IV. RESULTS AND DISCUSSIONS 
    The numerical procedure used to compute the Young’s 
modulus of the trabecular bone is the same that the one used 
in [18]. Different cylinders having the same diameter (8 
mm) with increasing thickness were extracted from the 3D 
picture and meshed with the same mesh density. One has to 
notice that when the size of the volume element is smaller 
than the so-called Representative Volume Element (RVE) 
of the material, the properties that can be computed are not 
necessarily the effective properties but merely apparent 
properties of the investigated volume [19]. The macroscopic 
Young’s modulus obtained after simulating compressive 
tests according to the longitudinal direction (Oz) was inves-
tigated. The (Oz) direction is given by the thickness of the 
volume. Compressive tests were performed by applying 
mixed boundary conditions: a displacement is imposed on 
both faces perpendicular to the (Oz) direction and all the 
other faces are free of forces. The apparent Young’s mod-
ulus according to (Oz) direction was determined from the 
following expression (1):  
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where, vbonef  is the volume fraction of the bone,   33  
is the average stress in the bone according to the (Oz) direc-
tion , L  is the length of the sample and L  is the pre-
scribed displacement. The evolution of the obtained appar-
ent Young’s modulus as a function of the volume size is 
given in Table 1. The calculated Young’s moduli were nor-
malised by the one calculated for the largest volume (length 
of 12mm).  Experimental value is also reported.  
Table 1 Apparent Young’s modulus of the trabecular bone 
Thickness of the volume (mi-
crons) 
1.7 3.5 12 
Volume fraction of the bone 
(%) 
16.3 16.6 20 
Numerical Young’s modulus 
(GPa) 
1490 1380 1537 
Relative error (%) 3 10 / 
Experimental Young’s modulus 
(GPa) 
 1224  
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 3D meshing of the trabecular bone cylinder of dimensions 12 mm 
height and 8 mm diameter. The mesh was built using the method described 
in section III.A and contains 1100000 nodes (linear tetrahedra). After 
meshing, the mesh was split into 20 sub-domains for parallel computing 
    A small bias seems to be observed for smaller volumes 
where bone volume fractions and Young’s moduli are 
slightly lower than the largest volume. The relative error is 
less than 10%. Intermediate volumes are under investigation 
to merely check that the apparent Young’s modulus con-
verges towards the value of the largest volume (1537 MPa). 
The relative error between the experimental and numerical 
results is around 11-20%, which seems to be correct when 
considering only one volume.  
V. CONCLUSIONS  
    This works aims at investigating the accuracy of a 3D 
numerical model of the trabecular bone based on a multis-
cale approach. The 3D real bone microstructure was com-
bined with the finite element to predict the Young’s 
modulus of the trabecular bone. The large size of the vol-
umes implied grids with a high number of nodes, which 
required the use of several processors in order to perform 
the finite element calculations. Numerical Young’s moduli 
varied between 1300 MPa and 1600 MPa, with reasoneable 
agreement with experiment. This method is not limited and 
could be easily applied to more large samples. The model 
developed in this work will be used later as a reference to 
validate a new promising beam/shell skeleton-based model 
[20], in order to provide a low-cost reliable help to early 
diagnosis of osteoporosis. 
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